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a  b  s  t  r  a  c  t
This  paper  presents  the  historical  development  and  background  of  life  cycle  assessment  (LCA)  and  nearly
zero-energy  buildings  in  Germany.  In order  to plan and  build  responsibly  for the  future,  it is  necessary
to  have an  overview  of the topic at hand.  Final  energy  demand  during  the  operational  phase  of  buildings
has  fallen  steadily.  According  to  European  Union  guidelines  (2010/31/EU),  starting  in  2021  new  buildings
must  achieve  the  nearly  zero-energy  standards.  These  buildings  will  have very  low  operational  energy
demand.  As  a consequence  of  this  requirement,  the  relative  impact  of  construction  and  disposal  increases
in terms  of  the entire  life  cycle.  This  is also the case  currently  for buildings  with  low  operational  energy




1970s  as  a tool  to  judge  potential  environmental  impacts.  Moreover,  the energy  building  standards  in
Germany  have  developed  continuously  since  1977.  This  process  will  continue  in the  new  German  Energy
Saving  Ordinance  in  2014,  which  will  be tightened  even  further  in  2016.  As LCA  is  well  established  and
sustainable  buildings  are  becoming  increasingly  common,  the  next  indispensable  step  is to  consider  the
life  cycle  view  of  nearly  zero-energy  buildings.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
The two major challenges in the construction industry are the
ncreasingly scarce raw materials that must be managed respon-
ibly, as well as the energy efﬁciency and sustainability of the
uilding stock. Thus building in a sustainable and energy-efﬁcient
anner is becoming increasingly important. In the future, this will
ominate the building sector.
The global ecological footprint of humans, which considers
uman resource use, has increased by 80% from 1960 to 2000.
resently, every year 1.2 times more resources are consumed than
an be renewed in the world [1]. The scarcity of natural resources
s reﬂected in increases in the price of raw materials and natural
ubstances. In Germany for example, the price of oil and gas has
isen 5.4 times since 1995. Furthermore, in the last 10 years the
rice of reinforced concrete has nearly doubled and the price of
Abbreviations: LEGEP, German abbreviation for life cycle-building-design
Lebenszyklus-Gebäude-Planung); GaBi, German abbreviation for holistic balanced
esign (Ganzheitliche Bilanzierung); SimaPro, system for integrated environmental
ssessment of products; SBS, sustainable buildings speciﬁer.
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copper has grown by a factor of 2.4 [2]. The construction and build-
ing sector accounts for the highest rates of resource consumption
– renewable and non-renewable – through construction, utiliza-
tion and disposal of residential and non-residential buildings. This
has many environmental impacts. For instance, the construction
industry requires a major amount of material (1), (3) and energy
(2):
(1) ∼50% of the world’s processed raw materials [3],
(2) ∼40% of the total energy in the European Union (EU) [4] and
(3) ∼50% of total German waste [5].
Due to demographic change and the increasing costs of utilities,
numerous buildings are renovated or entirely reconstructed. Fur-
thermore, this effect is encouraged by the socially and politically
supported energy transition (Energiewende)  and the increasing use
of renewable energy. Moreover, about three quarters of the German
building stock is more than 35 years old [6]. These buildings were
built without legal requirements for energy savings and energy
efﬁciency [6].
For several decades, the reduction of energy consumption has
progressed step by step, driven by research in the ﬁeld of archi-
tecture and building services engineering and by improvements in
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).









































uig. 1. Development of published articles, from the scientiﬁc databank ScienceDi-
ect [23] by using the search keys “Life cycle assessment”, “LCA” and “Building” in
he category “Abstract, Title, Keywords” (all journals Elsevier).
onstruction practices. The energy consumption of buildings has
een substantially reduced during this period as shown by Erhorn-
luttig et al. [7] and by Hegger et al. [8] as well as by Fisch et al.
9]. Likewise, the use of life cycle assessments (LCA) is a result
f research and development (e.g., the workshops of SETAC (Soci-
ty for Environmental Toxicology and Chemistry) [10,11]). Today, a
omprehensive ecological evaluation of buildings is possible. This
learly shows that successful practical research and development
an effectively inﬂuence the building sector toward the goal of sus-
ainability.
Recently, researchers [12–27] have shown an increased inter-
st in analyzing buildings through LCAs. This fact is also shown in
ig. 1. The histogram indicates the number of published articles
elated to LCA and buildings in this journal as well as in all jour-
als listed in ScienceDirect (Elsevier) [28]. The case studies (e.g., see
bove) and review papers (e.g., see [29–33]) mostly survey build-
ngs without presenting the historical progress of LCA and building
tandards. Furthermore, there is very little information available on
he process of the development of life cycle assessment and nearly
ero-energy buildings in Germany.
Considering the wide range of opportunities to save energy and
aterials, the building sector could make a signiﬁcant contribution.
hus, all parties (architects, building designers, building owners,
tc.) have a social responsibility to plan, build, operate and dispose
f buildings in a resource-saving and energy-efﬁcient manner. In
his context it is an advantage to have a historical overview of the
opic at hand in order to combine these factors into a holistic view
f the entire life cycle of the building.
The main ecological aspects of energy-efﬁcient buildings are
he lowest possible impact to the environment during their life
ycle and the minimization of resource and energy consumption
s well as land use [34]. The focus of this paper is on resource and
nergy consumption of various types of buildings (i.e., residential
nd commercial); land use is not part of this study. The main aim
s to provide a detailed description of the history, the current situ-
tion and the future outlook regarding LCA and nearly zero-energy
uildings. The research method used is a thorough literature review
f mostly peer-reviewed papers and standard speciﬁcations.
. Life cycle assessment (LCA).1. 1970s–2000s: the past
Before the beginning of the modern era, humans primarily
sed natural (i.e., renewable resources) [35], thus environmental Buildings 76 (2014) 551–557
problems prior to the industrial era generally remained localized
[36]. From the 19th century onwards, consumption, especially of
non-renewable resources, constantly increased due to the com-
mencement of industrial development and a change in life styles
[35,36]. Since the 1960s, awareness about the limitation of natural
resources has been growing [36]. Therefore, the resulting evidence
of the limited capacity of nature of the energy supply and increas-
ing waste problems are the two  most important reasons for the
development of LCA in the late 1960s and early the 1970s [11].
However, the ﬁrst approach to a holistic consideration of energy
and material ﬂows came into being in approximately 1884 [37].
The Scotsman Patrick Geddes fundamentally improved the efﬁ-
ciency factor of coal use together with the upstream processes [37].
Considering that this was the ﬁrst attempt to introduce LCA as
a method, the current applied methodology for LCA is relatively
young. According to Hunt and Franklin [10], the ﬁrst modern LCA
was created in 1969 by the Midwest Research Institute in the United
States (U.S.) for the Coca-Cola Company. In this study, various bev-
erage packaging materials were ecologically analyzed. Hunt and
Franklin [10] mention also that the results were never published
because of its conﬁdential content. At the beginning of LCA pack-
aging and especially the amount of waste were given prominence
[10]. The information of energy consumption and environmental
pollution of ecological considerations were given only incidental
attention at this time [10]. In 1972, the Battelle Institute in Frank-
furt am Main in Germany was  ﬁrst to analyze beverage packaging
from an environmental point of view [38]. At almost the same time
in Europe, various institutions also became occupied with the eco-
logical balance of products [10]. There were LCAs in the United
Kingdom, Switzerland and Sweden [11], and mainly packaging sys-
tems and materials were analyzed and evaluated.
The LCA then called “Resource and Environmental Proﬁle Anal-
ysis (REPA)” provided the foundation for the current calculation
methodology [10]. The term life cycle analysis was used in the U.S.
for the ﬁrst time in 1990 [10]. Life cycle assessment, ecological bal-
ance and ecobalance are more synonyms that are used to describe
the methodology or rather the idea of cradle to grave. In the mean-
time, the term life cycle assessment (LCA) has been established
internationally.
All involved participants became aware relatively quickly that
the results of the REPA depended not only on the data collection, but
also, for example, on methodology that was applied to the life cycle
impact assessment or the conditions of the system boundaries [39].
For these reasons, among others, the process of an international
standard was  expedited at various conferences and workshops by
SETAC [10,39]. This preliminary work was  the background and basis
[38,39] for the ﬁrst series of standards which appeared between
1997 and 2000 (ISO 14040–ISO 14043 [40–43]). In 2006 – after
these standards had been revised – content changed little [44], but
the standard speciﬁcations were restructured. ISO 14040 (1997)
[40], ISO 14041 (1998) [41], ISO 14042 (2000) [42] and ISO 14043
(2000) [43] were divided into the classiﬁcation (ISO 14040 [45]
and ISO 14044 [46]) that is used currently. Henceforward, the ISO
14040 [45] contains no binding instructions and these require-
ments are combined in ISO 14044 [44,46]. Today, LCA is the only
internationally standardized method for the analysis and judgment
of environmental aspects and their potential consequences [11].
2.2. 2010s: the present
In the early days of LCA studies, calculations were performed
without the aid of modern computers [10]. This made, according to
Hunt and Franklin [10], balancing and analysis very time consum-
ing. For the ﬁrst time in 1973, the U.S. used a computer program
for LCA by using punch cards [10]. Nowadays, there are different
calculation programs (e.g., LEGEP [47], GaBi [48], SimaPro [49],






























transmission; however poor energy storage qualities [69]. BesidesFig. 2. Life cycle assessment methodology of nearly zero-energy buildings.
BS-onlinetool [50] – for more program details see [18,51]). With
hese calculation programs it is possible to produce LCAs regarding
he potential environmental impacts of buildings and their compo-
ents.
Currently, three ofﬁcial translations (English: Life cycle assess-
ent, German: Ökobilanz and French: Analyze du cycle de vie)
xist in the general internationally accepted series of standards
SO-14040ff [45,46]. LCA facilitates the identiﬁcation of the poten-
ial environmental impact of individual materials, whole products
r complete buildings during their whole life cycle [52] – from
evelopment through use to end-of-life (i.e., from cradle to grave).
CA – in Germany: DIN EN ISO 14040:2009 [53] and DIN EN ISO
4044:2006 [54] – is a compilation of all relevant inputs and out-
uts, as well as an evaluation of the feasible environmental impacts
53].
Life cycle assessments based on the standard speciﬁcation ISO
45,46] consist of four interdependent elements (Fig. 2): the goal
nd scope deﬁnition, the life cycle inventory analysis, the life cycle
mpact assessment, and the interpretation of the results [53,54].
t the beginning of an LCA study the aim and the scope have to
e deﬁned exactly according to the standard speciﬁcations [53,54].
he second step is to quantify all inputs and outputs of substance
nd energy ﬂow in a life cycle inventory analysis which is usually
omprehensive [53,54]. In a life cycle impact assessment, the data
ollected in the life cycle inventory analysis (i.e., substance and
nergy ﬂow analysis) are assessed with reference to their poten-
ial environmental impacts [53,54]. Finally, the results from the life
ycle inventory analysis and the life cycle impact assessment are
valuated together to derive environmental impacts and to give
uggestions for decision makers [53,54].
However, LCA does not provide a deﬁnite conclusion as to
hether an environmental impact x (e.g., air pollution) has an Buildings 76 (2014) 551–557 553
environmental effect y (e.g., greenhouse effect). The LCA merely
enables us to compile the potential environmental impacts (i.e.,
pollution x could have an environmental effect y) [39]. According to
Horn [39], the suggestions thus derived are based on models which
provide a limited representation of reality. Hence, the results
depend, for example, on the determination of the system bound-
aries as well as the choice of impact category [39]. Furthermore, the
accuracy of the results depends on the data available in the database
[39] (e.g., GaBi [48], ecoinvent [55], Ökobau.dat [56]) and in the
EPD (Environmental Product Declarations) [57]. The strengths and
weaknesses of LCA are presented by Sensana and Salvalai [58] and
Dixit et al. [32]. The limitations of the LCA are reached as soon as
technical, social and/or economic issues have to be considered [59].
Examples of direct applications of LCA are the improvement and
development of products, the support of strategic planning and
public policy making [53]. In other sectors – in the automotive sec-
tor, in the chemical industry or convenience goods [60] – LCAs are
commonly used for ecological optimization [29]. However, the eco-
nomic goods analyzed are mostly in areas where mass production
is prevailing. In contrast, buildings are almost always unique [60]
and in addition, usually have a very long life span [61].
3. Nearly zero-energy buildings
3.1. 1970s–2000s: the past
Since the change from nomadism to a sedentary lifestyle in the
9th millennium B.C. [62], buildings have had an impact on society
[59]. At the beginning there was no insulation of buildings. Later
on, insulation of buildings was  viewed as secondary and prefer-
ential attention was  paid to stability [63]. In Germany, the ﬁrst
requirements for minimum thermal insulation – permanent pro-
tection of the construction against humidity [64] – was  formulated
in 1934 in the DIN 4110:1934 [63,65]. Furthermore, since 1952 in
the DIN 4108:1952 [66] requirements address particular building
components [8].
Triggered in the 1970s by the ﬁrst energy crisis and a growing
environmental consciousness, saving energy became increasingly
important [67]. Due to these reasons, in 1977 an energy-related
building standard was introduced by law for the ﬁrst time in
Germany. In the ﬁrst (1977) and second (1984) German Thermal
Insulation Ordinance (Wärmeschutzverordnung)  the main aim was
to limit the coefﬁcient of heat transmission [68]. About 10 years
later, the annual heating requirement was  introduced as an impor-
tant parameter by the third German Thermal Insulation Ordinance
(1995) [68]. At the same time, the German Heating Appliances
Ordinance (Heizanlagen-Verordnung) was  established (1978, 1982,
1989, 1994 and 1998), which restricted the heat supply in build-
ings to minimum requirements [68]. Between 1977/1978 and 2002,
both ordinances regulated heat transmission and heat supply in
an independent, unrelated ordinance. Since the 2002 merging
of both regulations into the German Energy Saving Ordinance
(Energieeinsparverordnung), primary energy consumption as well
as building physics and building services engineering, have been
considered equally essential [67]. The objective of this ordinance
is to balance low-grade heat insulation with an energy-efﬁcient
heating system and vice versa. Furthermore, this German standard
ignores the embodied energy of buildings (see Section 4.1).
Due to the increasing heat insulation standard, wall construc-
tions are becoming lighter (e.g., a large portion of bricks consists of
air voids) [69]. Thus, the materials have a good coefﬁcient of heatthe superior heat insulation, a high thermal storage capacity of
building materials and components is necessary [70]. One solu-
tion might be phase-change materials (PCMs) (e.g., see [71] for a








































cFig. 3. Overview of the convergence of life c
eview of thermal energy storage technologies based on PCM). A
ood thermal storage capacity sets the basic requirements to easily
perate the heating system and to use ﬂuctuating energy sources
e.g., solar energy) [70]. Excessive thermal energy collected during
he day can reduce the energy loss in the evening and night time
69] (i.e., though phase displacement, the annual energy demand
f a building can be lowered).
.2. 2010s: the present
Energy consumption for new buildings has been signiﬁcantly
educed since the ﬁrst German Thermal Insulation Ordinance and
he German Energy Saving Ordinance with their amendments
2004, 2007 and 2009), as shown by Erhorn-Kluttig et al. [7] and
y Hegger et al. [8] as well as by Fisch et al. [9]. The implementa-
ion has been highly successful partly due to the legal mandate
o implement the standards. Compared to 30 years ago, energy
emand is 10–20% of the previous demand [72], which represents
 reduction of approximately 6 kWh/(m2 a) of the primary energy
emand annually [73]. For example, since 1977 (German Thermal
nsulation Ordinance [74]) according to the German Energy Saving
rdinance 2009 [75] the coefﬁcient of heat transmission for win-
ows has been reduced by about 100% and for exterior walls even
ore by approximately a factor of 6.
According to the German government [76], in the early sum-
er  2014 the new German Energy Saving Ordinance will tighten
he regulation for 2016. The requirements for primary energy con-
umption are tightened by 25% and those for the building envelope
y an average of 20% [76]. This new speciﬁcation affects only new
uildings, while existing buildings are excluded [76]. Furthermore,
ategories of ﬁnal energy efﬁciency are added to the German Energy
erformance Certiﬁcate (Energieausweis) from A+ to H [76]. In a
tepwise process, the ordinance will set the basis for the new nearly
ero-energy building standard.
Furthermore, there is a need for action and research in the
ake of the Energy Performance Directive (2010/31/EU [4]). This
irective requires a strict deﬁnition of a nearly zero-energy nation-
lly appropriate building standard [4]. Following a study [73], the
erman KfW (Kreditanstalt für Wiederaufbau – Reconstruction Loan
orporation) efﬁciency building 40 standard is recommended.
his building standard has only 40% of the primary energy con-
umption per year of a comparable new building, according to the
urrent German Energy Saving Ordinance [75]. However, there is
urrently no clear legal requirement for the nearly zero-energysessment and nearly zero-energy buildings.
building standard in Germany (see [77] §  2a and [78]). Though
this standard for residential buildings must be legally deﬁned by
01.01.2019 via the German federal government [77]. Marszal et al.
[79] showed the most important issues developing a new zero
energy building deﬁnition. Panagiotidou and Fuller [80] present a
review about the deﬁnitions, policies and construction activity of
zero energy (or emission) buildings. Given that by law (Directive
(2010/31/EU [4]) from 2021 only nearly zero-energy buildings
(see [4] Art. 9) – very low energy demand in the utilization (see
[4] Art. 2) – may  be built in the European Union, there will be a
concomitant, increasing inﬂuence on construction and demolition.
This is already the case in modernized and in new buildings with a
very low energy requirement in use as well as predicted for future
buildings [31,81,82]. A life cycle view is essential (Fig. 3), due to
the high consumption of resources as well as energy (see Section
1) and the long lifespan of buildings [83].
4. Life cycle assessment of nearly zero-energy buildings
4.1. 2010s: the present problems
In general, the analysis and consideration of environmental
aspects and the potential consequences of buildings (i.e., LCA)
is possible, but very complex [83] and challenging, that requires
intensive planning [84]. Furthermore, the German Energy Saving
Ordinance [75] considers only the utilization of primary energy
consumption (see [75] §§  3 + 4), and therefore, embodied energy is
disregarded. Hernandez and Kenny [85] concluded that most regu-
lations refer to “net-zero”, concentrating only on energy demand in
usage and ignore embodied energy. This is also the view of Sesana
and Salvalai [58], who  see the main problem in focusing only on
energy demand during operation by the building regulations and
standards.
In addition, LCAs are not supported by the HOAI (Honorarord-
nung für Architekten und Ingenieure – German Ofﬁcial Scale of Fees
for Services by Architects and Engineers) [86], which considers LCA
as an extra service (see [86] annex 10 Nr. 10.1 + annex 15 Nr. 15.1).
This means LCA must be commissioned separately at extra costs.
For these reasons, LCAs are mainly assessed in the context of build-
ing certiﬁcations. For example, LCAs are a mandatory requirement
in the certiﬁcation process of DGNB (Deutsche Gesellschaft für Nach-
haltiges Bauen – German Sustainable Building Council) [87].
Based on the literature review, it can be generally noted that
the consumption of raw materials for production and the disposal














































aig. 4. Cumulative environmental impacts (qualitative) with and without a life cycle
iew.
f buildings is currently being disregarded or ignored. Moreover,
here is little knowledge about the environmental impacts from
he choice of building materials and HVAC (heating, ventilation and
ir-conditioning) systems during the building life cycle, especially
n actual building practice. Researchers generate LCA case studies
n line with standards, but the subject, like Blengini and Carlo [16]
ssert, is very extensive and complex. For that reason different sys-
em boundaries and simpliﬁcations are used (e.g., some researchers
alculate with transport [16,31] and some without [19,88]). There-
ore, it is difﬁcult to compare the case studies to attain general
onclusions. In addition, bringing in the life cycle view is a cru-
ial component on the way to sustainable buildings. The existing
uilding stock and the building products have hardly been affected
y environmental and efﬁciency concerns [3]. Hence, there is great
otential for reducing emissions in production and construction,
nd end-of-life phases [89]. Therefore, it is important to continue
he development from the isolated design of the various disciplines
hrough integral planning to design that considers the life cycle
iew [90].
.2. 2010s–2020s: the future
Since nowadays knowledge about LCA of individual materials
nd whole products exists and also plus-energy buildings are being
uilt and operated, the next step is the improvement of the energy
nd resource consumption in construction and disposal of buildings
ogether with continuous operating optimization.
Currently, tools for the future are being developed, which
ill enable simple integration of the LCA into the planning and
esigning process [60,91]. There are different possible solutions
o implement the LCA of buildings, like LCA-calculation programs
e.g., LEGEP [47], GaBi [48], SimaPro [49]), BIM (Building Informa-
ion Modeling) or guidelines (e.g., SNARC [92]). There is continuous
evelopment of databases to estimate both the useful life and eco-
ogical impact of buildings and building products [59]. Researchers
e.g., [27,93–98]) are examining the question as to which construc-
ion materials and building systems are the most appropriate from
n ecological point of view (e.g., wood vs. solid exterior walls).
ence, different types of buildings, as well as construction and
uilding standards, are scientiﬁcally analyzed (e.g., [12–26]). Gus-
avsson and Joelsson [82] mention that more LCAs of low-energy
uildings are needed. Furthermore, there is research and devel-
pment to optimize the efﬁciency of resources in the construction
rocess from cradle to grave (e.g., [99–101]). The need for appropri-
te detection methodologies will increase with the development of
ustainable buildings and construction [102]. In order to consider
he life cycle view, it is still necessary to create and develop new
pproaches in the individual life cycle phases of a building. Buildings 76 (2014) 551–557 555
The overarching questions to be answered in the future are:
How can an (early) assessment of resource and energy consump-
tion be simpliﬁed and implemented over the whole life cycle of
all nearly zero-energy buildings? Where is the optimum balance
regarding consumption of energy and resources in the lifespan
of buildings in the wide range of alternatives to save energy? An
attempt to answer these questions holistically from different points
of view is currently being developed in various research projects
(e.g., [103–108]); however, further research is necessary.
In the opinion of the authors, it is only possible to decrease the
resource and energy consumption of buildings and thus reduce the
cumulative environmental impacts by an early consideration of the
life cycle (Fig. 4). Hence, it is essential to assess and bear in mind
not only the utilization phase in the future deﬁnition and further
assessment of nearly zero-energy buildings, but to also consider
the whole building life cycle.
5. Conclusions
The life cycle assessment approach is well known, especially
in ﬁelds outside the building sector, and starting in 2021 only
buildings with very low operational energy demand may  be built;
therefore, the ecological optimization of construction and disposal
of nearly zero-energy buildings is the crucial next step. In order
to confront the main challenges of the building sector, limited
resources as well as the energy-efﬁciency and a sustainable build-
ing stock, a life cycle view is required.
As already noted in the review of literature, the current applied
life cycle assessment methodology began in the 1970s in the pack-
aging industry. Around the turn of the millennium this calculation
method was standardized into an international series of stan-
dards. Today the ISO 14040 [45] and ISO 14044 [46] is the only
internationally standardized method for assessing potential envi-
ronmental impacts. In addition, the LCA-approach and limitations
are common. Furthermore, in Germany the energy construction
standard has been continually developed by law since 1977 and
will be updated in 2014 with a tightening in 2016. Only nearly zero-
energy buildings may  be built as of 2021 according to EU guidelines
(2010/31/EU [4]). However, currently there is no legal deﬁnition of
the nearly zero-energy building standard in Germany.
In general, it can be established that presently almost no con-
sideration of the whole life cycle is practiced despite the relative
increase in the percentage of total life cycle energy in the con-
struction and disposal of buildings. This is mainly due to the
time-consuming and complex procedure in conducting a life cycle
assessment. Other reasons are that the German Ofﬁcial Scale of
Fees for Services by Architects and Engineers [86] and the German
Energy Saving Ordinance [75] do not support the life cycle view.
In order to eliminate these obstacles and to simplify the life cycle
assessment of nearly zero-energy buildings in a practical man-
ner, there is still a vast amount of research needed. The general
scientiﬁc challenge is to ﬁnd a practical method to assess of the
whole life cycle of nearly zero-energy buildings, including every-
thing from construction to disposal. In addition, the methods of
evaluating buildings should be consistent. Furthermore, practical
recommendations for designing and constructing buildings with
less environmental impact are needed. Hence, it is advisable to
know the historical process of development to use as a basis for
future research work. Given that life cycle assessments of buildings
are possible, in the future it will be essential to assess the resource
and energy consumption of buildings over the entire life cycle –
especially in the early stages of the planning process.Acknowledgements
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